Crustal plumbing system of post-rift magmatism in the northern margin of South China Sea: New insights from integrated seismology by Shaohong Xia et al.
Crustal plumbing system of post-rift magmatism
in the northern margin of South China Sea: New
insights from integrated seismology
著者 Shaohong Xia, Fang Zhao, Dapeng Zhao, Chaoyan
Fan, Shiguo Wu, Lijun Mi, Jinlong Sun, Jinghe
Cao, Kuiyuan Wan
journal or
publication title
Tectonophysics
volume 744
page range 227-238
year 2018-07-06
URL http://hdl.handle.net/10097/00128409
doi: 10.1016/j.tecto.2018.07.002
Creative Commons : 表示 - 非営利 - 改変禁止
http://creativecommons.org/licenses/by-nc-nd/3.0/deed.ja
Accepted Manuscript
Crustal plumbing system of post-rift magmatism in the northern
margin of South China Sea: New insights from integrated
seismology
Shaohong Xia, Fang Zhao, Dapeng Zhao, Chaoyan Fan, Shiguo
Wu, Lijun Mi, Jinlong Sun, Jinghe Cao, Kuiyuan Wan
PII: S0040-1951(18)30245-2
DOI: doi:10.1016/j.tecto.2018.07.002
Reference: TECTO 127878
To appear in: Tectonophysics
Received date: 12 February 2018
Revised date: 20 June 2018
Accepted date: 3 July 2018
Please cite this article as: Shaohong Xia, Fang Zhao, Dapeng Zhao, Chaoyan Fan, Shiguo
Wu, Lijun Mi, Jinlong Sun, Jinghe Cao, Kuiyuan Wan , Crustal plumbing system of post-
rift magmatism in the northern margin of South China Sea: New insights from integrated
seismology. Tecto (2018), doi:10.1016/j.tecto.2018.07.002
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 1 
Crustal plumbing system of post-rift magmatism in the northern 
margin of South China Sea: New insights from integrated seismology 
 
Shaohong Xia
1, *
, Fang Zhao
1
, Dapeng Zhao
2
, Chaoyan Fan
1
, Shiguo Wu
3
, Lijun Mi
4
, 
Jinlong Sun
1
, Jinghe Cao
1
, Kuiyuan Wan1 
 
1. CAS Key Laboratory of Ocean and Marginal Sea Geology, South China Sea 
Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, 510301, China 
2. Department of Geophysics, Tohoku University, Sendai 980-8578, Japan 
3. Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences, 
Sanya 572000, China 
4. CNOOC Nanhai East Petroleum Bureau, Shenzhen, Guangdong 518054, China 
＊Corresponding Author: Shaohong Xia, Email: shxia@scsio.ac.cn 
 
Highlights 
 Revealing seismic features of post-rift magmatism in the SCS northern margin 
 Lower crustal HVBs link to shallow igneous sills/intrusions and submarine 
volcanism 
 The crustal plumbing system has a multilevel magmatic-transport mode 
 Magma-poor SCS northern margin was rejuvenated by the Hainan mantle 
plume 
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Abstract 
The origin and evolution of magmatism in rifting margins are a fundamental 
geological subject, and remain the focus of intense studies. Unlike the classical 
magma-poor and magma-rich rifting margins, the northern margin of the South China 
Sea (SCS) exhibits a strong post-rift magmatism, but the evolution and mechanism of 
this behavior are still poorly understood. In this work we investigate the detailed 
structural features of the post-rift magmatism in the crust of the SCS northern margin. 
Our analysis is based on wide-angle and multichannel reflection seismic data, 
combined with previous seismological results. Our results show a wide distribution of 
shallow igneous sills and intrusions. These features are spatially and tectonically 
linked to the lower crustal high-velocity bodies (HVBs) and submarine volcanism, 
indicating a causative connection between the three features. Considering the 
existence of an obvious low-velocity branch of the Hainan plume in the northern SCS 
and uplift of the lithosphere-asthenosphere boundary, we propose that the HVBs 
reflect consolidated mafic intrusions which formed the lower crustal reservoirs 
feeding the overlying igneous sills and intrusions. In the SCS northern margin where 
abundant extensional and detachment faults can act as magmatic channels, such a 
dynamic process might cause post-rift volcanism. Our results suggest that the crustal 
magmatic system of post-rift volcanism has a multilevel upward migration mode, and 
the HVBs in the lower crust could be the product of post-rift magmatism, further 
indicating that the SCS northern margin had a magma-poor property at the rifting 
phase but has undergone a strong magmatic rejuvenation by the subsequent mantle 
plume. 
Keywords: Post-rift magmatism; South China Sea; Rifting margins; Sills; High-
velocity bodies 
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1. Introduction 
Rifted margins are generally classified into two end-members: magma-rich 
(volcanic) margins and magma-poor (non-volcanic) margins. Volcanic margins have 
some important features of vigorous magmatism in rifting and continental breakup, 
ultimately forming large volumes of intrusive and extrusive volcanic rocks, seaward-
dipping reflectors from volcanic flows, and a high-velocity layer below the crust. The 
latter is related to magmatic underplating (e.g., White et al., 1989; Geoffroy, 2005; 
White and Smith, 2009; Keen et al., 2012). In contrast, non-volcanic margins are 
characterized by wide tracts of hyperextended crust, tilted fault blocks with listric 
normal faults, low-angle detachment faults in the brittle crust or upper mantle and 
possibly unroofed serpentinized mantle in the continent-ocean transition (e.g., 
Whitmarsh et al., 2001; Reston, 2009). Rifting and continental breakup might also 
depend on the complex interaction between stress, strain, temperature, and rheology 
(Ruppel, 1995). 
As the largest and deepest marginal sea in the western Pacific Ocean, the South 
China Sea (SCS) has been a longtime study target in the Earth sciences (Nissen et al., 
1995; Ding and Li, 2016; Sibuet et al., 2016). Unlike the classical magma-rich (e.g., 
Geoffroy, 2005; Keen et al., 2012) and magma-poor (e.g., Whitmarsh et al., 2001; 
Reston, 2009) rifting margins, the northern margin of the SCS has experienced unique 
tectonic processes from the late Mesozoic subduction of the Paleo-Pacific plate (Li 
and Li, 2007) to the Cenozoic rifting, with subsequent seafloor spreading (Li et al., 
2014). These processes formed the distinct tectonism and magmatism landscape of 
the SCS northern margin (Franke et al., 2014; Fan et al., 2017). A number of 
extensional faults, which formed at the rifting stage, have been identified in the 
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northern SCS slope based on the multi-channel seismic profiles (e.g., Zhu et al., 
2012). These extensional faults are closely related to the structural highs with igneous 
rocks, volcanic zones or tilted fault blocks in space (e.g., Gao et al., 2015). Although 
the magmatism was weak at the syn-rift and breakup stage of the northern SCS 
margin (Xu et al., 2012; Yan et al., 2014), the SCS has been replete with post-rift 
basaltic magmatism since the late Cenozoic, which is widely distributed throughout 
the region (Figure 1a; Hoang and Flower, 1998; Zhang et al., 2013; Yan et al., 2014; 
Zhao et al., 2016). Morphologically, plentiful post-rift submarine volcanism stands on 
the seafloor of the northern margin and oceanic basin (Zhao et al., 2014; Fan et al., 
2017). As is well known, magmatism offers an important window into the deep Earth, 
assisting our understanding of various processes occurring in the Earth's lithosphere 
and mantle domain (Koppers and Watts, 2010). Hence, by studying the origin and 
nature of post-rift magmatism, we can better understand the deep geological processes 
beneath the SCS. 
To date, most studies of the SCS submarine volcanoes have investigated their 
formation ages (Xu et al., 2012; Yan et al., 2014), shallow seismic structure (Sun et 
al., 2014; Zhao et al., 2016), and geochemical and petrological characteristics (Wang 
et al., 2012; Yan et al., 2015). Multichannel seismic data have confirmed plentiful 
submarine volcanoes in the SCS northern margin, which are characterized by high-
amplitude reflection at their tops and frequent chaotic or disrupted internal seismic 
geometry that differs from that of the surrounding strata (Zhao et al., 2014; Fan et al., 
2017). Igneous sills, intrusions and lava flows are common above or along the faults 
and fractures extending downwards to the deeper strata, indicating that the pre-
existing faults and fractures provide preferential vertical pathways for the transfer of 
magma toward the surface (Sun et al., 2014; Zhao et al., 2016). As inferred from rock 
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samples and the stratigraphic contact relation on the multichannel seismic sections, 
almost all of the SCS submarine volcanoes formed in the post-rift periods (Yan et al., 
2014; Zhao et al., 2016), indicating lack of strong magmatism in the rifting and 
breakup stages (Xu et al., 2012; Yan et al., 2014). The SCS northern margin also 
contains tilted fault blocks and wide tracts of hyperextended continental crust (Lester 
et al., 2014; Lei and Ren, 2016). Similar features appear in the Iberia magma-poor 
margin (e.g., Perez-Gussinye, 2013; Brune et al., 2017). 
Given the weak magmatism at the rifting and breakup stages, why is the post-rift 
volcanism so unexpectedly extensive? Many researchers have suggested that a mantle 
plume might be responsible for the late Cenozoic basaltic magmatism and submarine 
volcanism in the SCS region (Xu et al., 2012; Yan et al., 2014; Xia et al., 2016; Fan et 
al., 2017). This inference was based on the OIB-like composition (e.g., Xu et al., 
2012; Yan et al., 2014), as well as global and regional tomographic images (e.g., 
Zhao, 2007; Xia et al., 2016). However, how the magmatic system from the mantle 
formed crustal reservoirs and induced shallow volcanism in the SCS region remains 
unclear. Previous wide-angle seismic profiles (Figure 1b) have revealed the wide-
ranging presence of high-velocity bodies (HVBs) in the lowermost crust of the SCS 
northern margin, which exhibit P-wave velocities of 7.0–7.6 km/s (Nissen et al., 1995; 
Yan et al., 2001; Wang et al., 2006; Zhao et al., 2010). Whether these HVBs are pre-
rift relict mafic bodies (e.g., Nissen et al., 1995) or magmatic intrusions in the late 
Cenozoic (e.g., Yan et al., 2001; Wang et al., 2006; Zhao et al., 2010) is currently 
debated. 
Clarifying or disproving a direct link between the HVBs in the lowermost crust 
and the post-rift volcanism in the SCS northern margin is pivotal to answering these 
remaining questions. In this work, we study the crustal structure and shallow igneous 
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sill complexes across the post-rift volcanism in the SCS northern margin using wide-
angle seismic data obtained in 2014 and multichannel seismic profiles. We investigate 
the spatial and tectonic relationship between the HVBs in the lowermost crust, the 
overlying igneous sills and intrusions, and the submarine volcanism. Based on the 
present findings and previous results, we propose a multilevel upward magma 
transport model on the crustal plumbing system of the post-rift magmatism. 
2. Data and Methods 
2.1. Wide-angle seismic experiment and Data 
In 2014, a new wide-angle seismic profile (Figure 1c) with a length of about 315 
km was acquired with a seismic source comprising four equally sized (1500 inch
3
) 
airguns with a total volume of 6000 inch
3
. The source had a dominant frequency of 4-
8 Hz, 3-5 wave peaks, and an amplitude of ±0.15 μm/s (Zhao et al., 2008). A total of 
965 shots were fired with an interval of 120 seconds. The speed of the ship during the 
shooting was about 5-6 knots. The shot time and position were controlled with the 
bolt gun controller and a global positioning system (GPS), respectively. Fifteen 
ocean-bottom seismometers (OBSs), comprising one hydrophone and three-
component geophones with a frequency of 2-100 Hz, were deployed with an interval 
of 15–20 km. The sampling rate of the OBSs in this experiment was 100. 
Unfortunately, two of the instruments were recovered without usable data and one 
was lost. In total, 965 shots were fired along the profile, and the synchronous single-
channel section was also obtained. Each OBS was timing-corrected to account for 
clock drift, based on the GPS time synchronization that was performed before and 
after the OBS deployment. The position of each station on the seafloor was relocated 
by detecting direct water waves. We set the first shot at the northwestern end of this 
profile as the zero point. The location and distance of every shot and OBS were 
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calculated relative to the zero point in the model. The synchronous single-channel 
section was also converted to the zero point. The average offset of the OBSs in 
relation to the profile was about 0.07 km, and the largest offset was about 0.5 km. The 
offline OBSs are projected on the profile (Figures 2 and 4). 
On the seismic record sections (Figure 2), we picked up arrival times of the intra-
crustal refracted phases (Pg) and the reflected waves at the Moho discontinuity 
(PmP). It is possible that there are some other intra-crustal reflected phases, but it is 
very hard to distinguish these later phases because of the low signal-to-noise ratio. We 
have also found Pn phases in this study, but they are quite few, because the Pn phases 
only appear at large epicentral distances (> 100 km), whereas the energy of our 
seismic source was limited. In addition, the Pn phases in our OBS records are not very 
clear. Therefore, we did not pick up the fuzzy Pn phases to avoid adding more 
uncertainties to the inversion result. Finally, a total of 3474 Pg and 1490 PmP arrival 
times are collected. The picking accuracy of the Pg and PmP phases is estimated to be 
50–80 ms and 70–100 ms, respectively. The shallow structure, revealed from the 
multichannel seismic data, approximately overlaps with our present wide-angle 
seismic profile (Figure 1c). We also collected data from many multichannel reflection 
seismic profiles to investigate the distribution of sills and intrusions in the study area 
(Figure 1b). These multi-channel (2D) seismic data are provided by the China 
National Offshore Oil Corporation (CNOOC) (Figs. 1, 5, 8 and 9), which were 
acquired from 576 channels with a shot-point spacing of 37.5 m and a common 
midpoint spacing of 12.5 m. The interpreted seismic profiles were imaged in IHS 
Kingdom
®
 8.7. 
2.2. Method 
A travel-time tomographic inversion method (tomo2d; Korenaga et al., 2000) is 
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used to jointly invert the arrival times of the refracted and reflected phases. This 
method can simultaneously determine a 2-D velocity model and the Moho geometry. 
Theoretical travel times and ray paths are calculated using a hybrid ray-tracing 
scheme based on the graph method and local ray-bending refinement. Our objective is 
to find an optimal velocity model that best satisfies the picked travel times within the 
limits of data accuracy. 
Based on the single-channel seismic profile data obtained during the survey, the 
seafloor topography in the forward model is gridded with a spacing of 500 m. We 
constructed a starting velocity model by referring to the previous crustal models (Yan 
et al., 2001; Wang et al., 2006; Lester et al., 2014) obtained from the wide-angle 
seismic profiles (Figure 1b). We first read the depths of velocity contours from the 
previous results. Then the initial model is constructed by interpolating these depth 
values according to the general tectonic orientation. In contrast, the velocity values in 
our initial model are continuous in the crust but the velocity gradient varies with 
depth. To better constrain the structure of the sedimentary cover, we used both 
synchronous single channel and nearby multichannel seismic data to obtain the 
morphology of the sedimentary cover and basement. We used the drilling data from 
LF35-1-1 (Zhang et al., 2014) and the seismic velocities calculated from the Ps and 
secondary Pg phases (Wan et al. 2017) to do time-depth conversion. The horizontal 
cell size of the velocity field is 500 m, and the vertical cell size is 50 m and increases 
to 250 m at 30 km depth. We tested various combinations of the vertical and 
horizontal correlation lengths for the velocity nodes, as well as the smoothing and 
damping parameters. In the final model, the horizontal correlation length is 2 km at 
the top and 5 km at the bottom of the model. The corresponding vertical correlation 
lengths are 0.2 km and 0.5 km, respectively. The smoothing (damping) values for the 
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velocity and depth are set to be 150 (10) and 5 (40), respectively. In the inversion 
procedure, the depth-kernel weighting factor is set to be 0.5. After ten iterations, the 
observed and calculated travel times are well fitted (Figure 3a-3b). Compared with the 
initial model, the travel-time residuals for the final model have been greatly reduced, 
and more than 95% of the residuals are smaller than 0.1 s (Figure 3c-3d). The root-
mean-square travel-time residual for the final crustal model is reduced to 85 ms, close 
to the data picking accuracy as mentioned above. 
3. Results and Resolution Analysis 
The optimal crustal velocity model obtained is shown in Figure 4. In general, the 
crustal thickness gradually thins from the shelf to the ocean basin, displaying a typical 
stretching characteristic of the rifted margin. This result is consistent with the 
previous models (Yan et al., 2001; Wang et al., 2006; Lester et al., 2014). A prominent 
feature is the existence of obvious HVBs in the lower crust with P-wave velocities of 
7.0-7.6 km/s, showing a strong change in thickness along the section. Four high-
velocity anomalous bodies are revealed (labeled H1–H4 in Figure 4b), which have a 
thickness of ~5–10 km and a variable length of ~20–50 km. The crustal structure 
exhibits considerable lateral variations along the profile. The HVBs exhibit convex 
shapes in the lower crust, and the velocities in the upper crust above H2 and H4 are 
relatively high (Figure 4b). There are also inclined high-V anomalies in the upper 
crust of the flank of H1 and H3.  These convex HVBs are likely related to the 
intrusive dense sill complexes in the upper crust revealed by multichannel seismic 
data (Figure 5). Meanwhile, there is a close spatial consistency between the convex 
HVBs in the lower crust and the submarine mounds and shallow uplift as shown in 
Figure 4. To evaluate the validity of the final velocity model, we converted the 
seismic velocity to density using the Vp-ρ relation (Hamilton, 1978; Christensen and 
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Mooney, 1995). The free-air gravity anomaly along the profile is calculated using the 
MASK system (Yao et al., 2003). The gravity data are obtained from the global data 
base with a resolution of 1 min × 1 min (Sandwell et al., 2013). The HVBs are 
considered to be high-density bodies, and the calculated and observed gravity 
anomalies are well correlated (Figure 6). The HVBs correspond well to the peaks of 
the gravity anomalies (Figure 6). 
The spatial resolution of our crustal model is evaluated by conducting a 
checkerboard resolution test (Figure 7). The main purpose of this test is to assess the 
adequacy of the ray coverage and to evaluate whether our data are capable of 
restoring a given model. The Moho depth is fixed in the test, and we find that this 
does not affect the test results. First, a checkerboard velocity model is made by 
assigning positive and negative velocity anomalies (±5%) to the grid nodes with a 
grid interval of 20 km x 7.5 km, and synthetic travel times are calculated for the 
checkerboard model. Then the synthetic data are inverted by using the same algorithm 
applied to the real data. The resolution is considered to be good for the areas where 
the checkerboard pattern is recovered. The inversion results show that the resolution 
is generally good in most parts of the crust (Figure 7c). Besides the checkerboard 
pattern, the amplitudes of velocity anomalies are also well recovered except in the 
edge portions. To demonstrate the reliability of the HVBs in the lower crust, we also 
conducted a restoring synthetic test (Figure 7d and 7e). The pattern and amplitudes of 
the input high-velocity anomalies in the lower crust are well recovered, suggesting 
that the HVBs are reliable features. In addition, we generated 100 randomized initial 
models with different crustal velocities and Moho depths to evaluate the effect of the 
initial model on the inversion results. The mean deviation of the 100 inverted models 
(Figure 8) provides a statistical measure of the velocity and Moho depth uncertainties 
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with the initial model (Korenaga et al., 2000). The results (Figure 8) show that the 
Moho depth uncertainty is about 1-1.5 km, and the velocity uncertainty is generally 
less than 0.1 km/s, and up to 0.2 km/s in only some local areas due to the sparse ray 
coverage, indicating that the final solution depends only slightly on the initial model 
chosen, and the velocity and Moho depth can be resolved within the uncertainty 
bounds. 
To ascertain whether the submarine mounds were formed by volcanism, we 
analyzed the multichannel seismic section that roughly overlaps the crustal profile. 
The results are presented in Figure 5. The three obvious volcanic mounds (labeled 
V1–V3 in Figure 5a) show typical seismic features of igneous mounds revealed by a 
previous study (Zhao et al., 2014), namely, high-amplitude reflection at their tops and 
relatively weak internal seismic geometry. Dredged basalts from the submarine 
mounds in the northern SCS also evidence the post-rift submarine volcanism (Wang et 
al., 2012; Yan et al., 2015). We observed many high-amplitude reflections in the 
sedimentary layer, which may reflect three structural features: (1) carbonate 
sediments (e.g., Wu et al., 2014), (2) sandstone intrusions (e.g., Huuse and Mickelson, 
2004), and (3) igneous sills (e.g., Hansen and Cartwright, 2006). The carbonate 
sediments often occur as thick and extensive biogenic constructions at some stage, 
controlled by a combination of tectonics, eustasy, oceanography and climatic 
conditions (Bachtel et al., 2003; Wu et al., 2014). The high-amplitude reflections 
described here have a relatively small-scale lateral extent. In addition, the abrupt 
lateral contact between high-amplitude anomalies and host strata is identified. The 
geometrical features and their distribution preclude the high-amplitude reflections 
with a carbonate origin. For the case of the sandstone intrusions, no evidence of sand 
remobilization in the northern SCS has been documented. In addition, sand 
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remobilization would be required for the expression of sandstone intrusions (Sun et 
al., 2014). However, there is no sandstone reservoir in the study area. In contrast, 
numerous igneous intrusive bodies in the northern SCS have been reported (e.g., Sun 
et al., 2014; Zhao et al., 2014), and igneous activity is also well known in the study 
area (e.g., Fan et al., 2017). The high-amplitude anomalies in the study area are 
similar in geometry and scale to the igneous sills documented in the SCS and in the 
Atlantic continental basins (e.g., Hansen and Cartwright, 2006; Jackson, 2012; Sun et 
al., 2014; Zhao et al., 2014). Meanwhile, a large-scale volcanism has been discovered 
adjacent to the igneous sills. The normal faults linked to the igneous sills likely 
formed vertical pathways facilitating the transfer of magma. All these pieces of 
evidence support the igneous origin for the high-amplitude anomalies in the study 
area.  
The relatively high reliefs identified (Figure 5d) were induced by igneous 
intrusion-related strata uplift, as reported by previous studies (e.g., Jackson et al., 
2013). These volcanic mounds and strata uplift are closely linked to the underlying 
shallow-level igneous sills and igneous intrusions, although being spatially offset by a 
few km (Figure 5), suggesting that the submarine volcanism was fed by magma from 
the sills via sub-vertical dikes along the pre-existing faults and fractures. The 
extensional faults seem to control the development and locations of the sills and dikes 
(Zhao et al., 2016). The size, frequency and intensity of volcanic eruptions are 
strongly controlled by the volume and connectivity of magmas within the crust (Kiser 
et al., 2016). In our results, the V1, V2, Dongsha Uplift and large-scale sill complexes 
clearly correspond to the larger anomalies H1 and H2, whereas the features of the 
strata uplift are related to the smaller anomaly H4. This relation suggests that the 
HVBs in the lower crust scale with the intensity of the shallow volcanic activity. 
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Hence, the HVBs are interpreted as the solidified crustal sources of the sills and dikes 
in the upper crust, and as the deep feeders of post-rift volcanism on the seafloor. 
We systematically investigate the distribution of the sills and intrusions in the 
study area (Figure 9) based on the multichannel seismic profiles (Figure 1b). We find 
that the sills are widely developed and have a good correlation with the overlying 
volcanic bodies and lava flows (Figure 9). To better understand the correlation 
between the lower crustal HVBs, the sills and the submarine volcanism, we plot and 
compare the distribution maps of the lower crustal HVBs, sills and submarine 
volcanism in the study area (Figure 10). The distribution of the lower crustal HVBs is 
mainly based on the present result and the previous wide-angle seismic profiles (black 
lines in Figure 1b). We identify the sills (Figure 9) and ascertain their distribution 
(Figure 10) using the multichannel seismic data (gray lines in Figure 1b). Locations of 
the submarine volcanic mounds are from the detailed results of Fan et al. (2017). 
Figure 10 shows that the spatial distribution of the sills and the overlying volcanic 
mounds strikingly corresponds to the underlying HVBs in the lower crust of the slope 
area. The volcanic mounds are closely associated with the terminations of the highest 
points of the linked cuspate sills, although a sideways displacement of a few km exists 
between them (Figure 5). However, few similar features are visible in the shelf area 
on the left corner of Figure 10, which may be related to the thicker crust that hindered 
the rise of magma there. 
4. Discussion 
In this work prominent HVBs are revealed in the lower crust (Figure 4), which are 
generally consistent with the previous results (Yan et al., 2001; Wang et al., 2006; 
Zhao et al., 2010; Lester et al., 2014). A growing number of studies have reported 
magma-poor continental margin characteristics in the SCS northern margin, including 
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a wide hyperextended continental crust (Gao et al., 2015), tilted fault blocks that sole 
into a low-angle detachment (McIntosh et al., 2014; Lester et al., 2014), and listric 
normal faults (Zhu et al., 2012). Meanwhile, petrological studies have revealed that 
the magmatic activities in the SCS were very weak at the syn-rift stage (Xu et al., 
2012; Yan et al., 2014). Hence, the HVBs in the lower crust cannot be magmatic 
products of the syn-rift phase. An uppermost mantle serpentinization source of the 
HVBs has also been ruled out by considering the crustal thickness and P- and S-wave 
velocities in the study area (Yan et al., 2001; Wang et al., 2006; Zhao et al., 2010; Gao 
et al., 2015). The HVBs cannot be pre-rift residual mafic rocks either, because their 
maximum P-wave velocity in South China and its coastal area is 7.0 km/s (Li et al., 
2006; Zhang and Wang, 2007; Xia et al., 2010). It is well known that the SCS was 
formed by the extension of the Southern China block. So the lower crust beneath 
South China and its coastal area is considered as a normal lower crust with velocities 
lower than 7.0 km/s. The HVBs are defined with a P-wave velocity higher than 7.0 
km/s in our study, and they are mainly located in the lowermost crust. Combining the 
extensive post-rift magmatic features with the volcanic evidence found in the shallow 
areas (e.g., sills, seamounts; Wang et al., 2012; Sun et al., 2014; Yan et al., 2015; Zhao 
et al., 2016), we deem that the HVBs in the lower crust most likely resulted from the 
post-rift magmatism (Zhao et al., 2010; Lester et al., 2014).  
One striking feature of our results is the spatial relation between the HVBs in the 
lower crust and the overlying volcanic mounds (Figure 10). The lower crust beneath 
an active volcano usually has a clear low-velocity magma chamber supporting the 
volcanic activity (e.g., Xia et al., 2007; Huang et al., 2015; Zhao et al., 2018). When 
the volcanic activity ceases, the low-velocity magma chamber gradually cools, 
eventually becoming a residual high-velocity anomaly with a denser mafic 
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composition than the active chamber (Kiser et al., 2016). According to dated basaltic-
rock samples from the seamounts and the stratigraphic contact relationship in the SCS 
northern margin (Wang et al., 2012; Yan et al., 2015; Zhao et al., 2016), most of the 
submarine volcanoes in our study area formed at ~8–22 Ma. Accordingly, the original 
hot magma reservoir in the lower crust, which supported the post-rift volcanism in the 
SCS northern margin, may have cooled completely and become a high-velocity 
feature. Hence, we interpret the HVBs in the lower crust as the cooled mafic 
intrusions and crustal magma reservoirs that once fed the post-rift volcanism. 
One low-velocity branch of the Hainan plume is revealed in the upper mantle (Xia 
et al., 2016), which is located below the development zone of the lower crustal HVBs. 
Petrological results have shown that samples of the seamounts in the northern SCS 
have similar geochemical and petrological composition with the volcanic basalt in 
Hainan (e.g., Xu et al., 2012; Wang et al., 2012; Yan et al., 2014). Meanwhile, a sharp 
uplift of the lithosphere-asthenosphere boundary occurs just below the crustal HVBs 
(Figure 11). These lines of evidence suggest that the lower crustal HVBs as well as 
the strong post-rift magmatism in the SCS northern margin could be caused by the 
Hainan plume arising from the lower mantle. 
Our results show the presence of sills, igneous intrusions, lava flows and tilted 
faults beneath the submarine volcanoes and strata uplift (Figures 5 and 9). These sills 
and lava flows might have fed the submarine volcanoes through the tilted faults which 
provide conduits. Zhao et al. (2014) carefully analyzed the relation between the 
volcanic mounts and the underlying igneous sills in the SCS northern margin, and 
suggested that igneous materials migrate upward along clear pipes or fault conduits 
from the sills to the overlying volcanoes. Similar shallow magmatic systems of 
ancient sill-fed submarine volcanoes were mapped in the Bight Basin and the Faroe–
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Shetland Basin (Schofield and Totterdell, 2008; Jackson, 2012; Magee et al., 2013). 
Many magmatic sills were identified beneath an ultramafic-hosted hydrothermal 
system at depths of ~2–10 km, which reflect partially molten intrusions (Canales et 
al., 2017). Sun et al. (2014) also found many sills and igneous intrusions in the 
Miocene strata of the present study area, exhibiting discordant high-amplitude seismic 
anomalies with similar seismic features to our results (Figures 5 and 9). These studies 
indicate that sills provide an important link between the deep magma source and the 
surface volcanism. Therefore, the sills can be considered as the relay station of a 
magmatic plumbing system.  
Previous studies have revealed a large number of extensional faults (Zhu et al., 
2012) and detachment faults (Lester et al., 2014; McIntosh et al., 2014) in the 
northern SCS, which may have become effective channels for the later magma 
migration.  Fan et al. (2017) calculated the basal elliptical major axes of 45 volcanic 
mounds, and found that strikes of these volcanic mounds are well consistent with the 
strike of extensional faults. They also suggested that the preexisting faults might 
provide magmatic conduits for the subsequent post-rift volcanism. Our results show 
that the magma sills are surrounded by a number of tilted faults (Figure 5), which may 
have provided feeding conduits. In this scenario, the sills and lava flows could form 
by the upward movement of deep magma through the conduits. 
Figure 11 shows a schematic diagram illustrating the complex, multilevel magma 
transport in the crust during the intrusion and eruption events in the SCS northern 
margin, based on the present findings and previous results. Magmas ascending from 
the upper mantle intruded into the lower crust and accumulated to form crustal 
reservoirs. As the relay station of magma migration to the Earth’s surface, these 
shallow intrusive igneous sill and intrusion complexes facilitated the vertical and 
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lateral transports of magma through the crust. The volcanic mounds accreted on the 
seabed, showing a sideways displacement of a few km with the tips of the basaltic 
sills and lava flows. Our results and the magmatic-migration scenario (Figure 11) are 
consistent with recent studies of subaerial volcanic systems with multilevel magmatic 
transport (Marjanovic et al., 2014; Canales et al., 2017). The HVBs in the lower crust 
are geographically linked to the post-rift volcanism, suggesting that they caused the 
post-rift magmatic intrusion. Previous teleseismic and surface-wave tomographic 
studies (Tang and Zheng, 2013; Xia et al., 2016) have indicated that the upper mantle 
conditions are suitable for the magmatic intrusion into the lower crust beneath the 
SCS region. It is highly possible that the strong post-rift magmatism in the SCS 
northern margin was associated with the Hainan plume arising from the deep mantle. 
5. Conclusions 
We present a new crustal velocity model by analyzing seismic reflection data along 
a transect of the post-rift submarine volcanoes in the SCS northern margin. 
Significant HVBs are revealed in the lower crust, which are spatially related to the 
surface geological features. These HVBs may reflect the consolidated intrusive 
magma sources of the shallow sills and post-rift volcanism in the margin. The 
volatile-rich and overheated melts from the lower crustal reservoirs may have 
ascended along the extensional faults or pre-existing weak zones through the thinned 
crust, then intruded into the shallow area to form the post-rift volcanism. The sills and 
lava flows revealed on the multichannel seismic sections may have acted as a relay 
station in the magmatic plumbing system. Combining our new findings with the 
previous results, we propose that the crustal plumbing system has a multilevel 
magmatic transport mode. Our results also confirm that the HVBs resulted from the 
post-rift magmatism, further evidencing the non-volcanic nature of the present 
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northern margin of the SCS but strong rejuvenation by the later post-rift magmatism. 
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Figure 1. (a) Topography and bathymetry map of the South China Sea (SCS) with 
distribution of the late Cenozoic basaltic magmatism. The red shadows with age data 
display the basalt locations revealed by outcrops in the field, wells and dredged 
samples, etc. These data are from Tu et al. (1992), Hoang et al. (1998), Wang et al. 
(2012), Yan et al. (2014), and Zhao et al. (2016). The age data suggest the basaltic 
magmatism in the SCS should mainly occur in the post-rift to post-spreading periods. 
The orange ellipses denote the volcanic seamounts (Fan et al., 2017). The left-upper 
global map shows the SCS location. (b) Overview map of the study area. The pink 
line with circles denotes locations of our wide-angle seismic profile and ocean bottom 
seismometers (OBSs) used in this study. Black lines show locations of the previous 
wide-angle seismic profiles from which lower crustal HVBs were revealed. Gray lines 
show locations of multichannel reflection seismic data which are used to identify the 
sills and intrusions. Red short lines with a, b, c and d symbols denote locations of 
multichannel reflection seismic data shown in Figure 8, which are used to reveal the 
features of sills, volcanic bodies and lava flows. (c) Detailed location map showing 
our newly obtained data. The white line denotes the multichannel seismic section that 
approximately overlaps with our present wide-angle seismic profile. The pink line 
denotes the wide-angle seismic profile along which the shots were fired. The black 
dots show locations of 15 ocean bottom seismometers. V1, V2 and V3 denote 
locations of three submarine post-rift volcanoes identified from the multichannel 
seismic profiles shown in Figures 4 and 5. The white thick line (a, b) denotes the 
continent-ocean boundary (COB). 
 
Figure 2. Seismic record sections with a reducing velocity of 6.0 km/s and 3-10 Hz 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 28 
bandpass filter at (a) OBS03, (b) OBS07, (c) OBS10 and (d) OBS15. Pg denotes the 
refracted phase in the crust. PmP denotes the reflected phase from the Moho 
discontinuity. 
Figure 3. (a) Comparison of observed (green) and calculated (red) travel times of the 
same phases for all of the receivers in the final model. (b) Travel-time residuals for 
the starting model (green) and the final model (red), indicating that the final velocity 
model greatly reduces the residuals. The final RMS travel-time residual is 85 ms. 
Histogram of the travel-time residuals for the initial velocity model (d) and the final 
velocity model (d). 
 
Figure 4. (a) Single-channel seismic section synchronized with the wide-angle 
seismic profile, bathymetry map along the wide-angle seismic profile and locations of 
the ocean bottom seismometers (orange circles), submarine post-rift volcanoes (V1-
V3, red large arrows), and forced folds induced by igneous intrusions (F1-F2, red thin 
arrows). (b) The final crustal velocity model derived from the wide-angle seismic 
data. H1-H4 denotes high-velocity bodies (HVBs) in the lower crust, which are 
spatially associated with the shallow volcanism and forced folds. 
 
Figure 5. (a) A multichannel seismic section approximately overlapping the crustal 
profile. V1, V2 and V3 show clear seismic features of volcanic mounds. F1 and F2 
mark locations of strata uplifts by igneous intrusions. Sills, dikes and faults are visible 
beneath the volcanic mounds. The black boxes denote locations of Figure 5b-5d. (b) 
Detailed seismic image beneath the left flank of site V1. The sills and dikes 
complexes are clearly visible. (c) Enlarged seismic image beneath the right flank of 
site V2. The sills, dikes, lava flows and faults have a larger scale and they are spatially 
correlated. (d) Enlarged picture of the strata uplifts and underlying igneous intrusions. 
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Figure 6. Gravity modeling based on our velocity model. (a) Distribution of gravity 
anomalies and locations of the OBS stations. (b) The (red) calculated and (blue) 
observed gravity anomalies. (c) The obtained density model. The bodies with a 
density of 3.0 g/cm
3
 reflect the HVBs. 
 
Figure 7. (a) The background velocity model for the synthetic tests. (b) Input model 
of a checkerboard resolution test. The input amplitudes of velocity perturbations are 
5%. (c) The result of the checkerboard resolution test, which shows that the pattern 
and amplitudes of the input velocity anomalies are well recovered. The grid interval is 
20 km in the horizontal direction and 10 km in depth. (d) Input model for a synthetic 
recovery test for checking the reliability of HVBs in the lower crust. (e) Output result 
which indicates that the HVBs can be revealed by the tomographic inversion of our 
data set. 
 
Figure 8. (a) Distribution of standard deviations of P-wave velocity and Moho depth 
obtained by using a Monte Carlo method with 100 random starting models. Green 
dotted lines show locations of 100 starting Moho depths. Red dotted lines show the 
inverted results of the Moho depth, indicating that the Moho depth can be well 
determined in areas with good ray coverage. (b) RMS travel-time residuals for the 
100 starting velocity models. (d) RMS travel-time residuals for the 100 inverted 
velocity models. 
 
Figure 9. Examples of sills, volcanic bodies and lava flows identified from the 
multichannel reflection seismic data. Locations of the four profiles (a-d) are shown in 
Figure 1b. 
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Figure 10. Spatial distributions of the volcanic seamounts, sills and lava flows, and 
lower crustal HVBs. The ellipses in the upper image denote the submarine volcanic 
seamounts revealed by Fan et al. (2017). The red shadows in the middle image show 
locations of sills and lava flows, which are identified from the multichannel reflection 
seismic profiles located in Figure 1b. Examples of the sills are shown in Figures 5 and 
8. The thickness distribution of lower crustal HVBs in the lower image is constructed 
by integrating the present and previous results (Nissen et al., 1995; Yan et al., 2001; 
Wang et al., 2006; Wei et al., 2011; Lester et al., 2014).   
 
Figure 11. A multi-level movement model of magmatic plumbing system. The orange 
shadow denotes a low-velocity anomaly in the upper mantle revealed by Xia et al. 
(2016). The thick black line denotes the lithosphere-asthenosphere boundary (LAB) 
derived from the results of Tang and Zheng (2013). Magma from the upper mantle 
intruded into the lower crust and formed the crustal reservoirs (red shadows in the 
lower crust) which fed the overlying sills and dikes (green shadows in the crust). The 
extensional faults (black dashed lines) developed at the rifting stage served as 
conduits for the magmatic upward migration. The igneous intrusions (vertical arrows 
and red dashed lines) could induce the forced folds of strata (black curves). 
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